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Recent progress in two-dimensional (2D) electronic materials has brought fascinating prospective applications in next-generation electronic and optoelectronic devices closer to realization.
1 A remaining key challenge is finding robust means to controllably select the majority charge carrier type and tune the Fermi level position (i.e., doping) in the 2D semiconductor, as required by the particular device type. 2 Among various chemical and physical methods, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] the deposition of organic molecular layers on 2D materials [14] [15] [16] is a promising doping approach to avoid structural damage, thereby retaining the desired optical and electrical properties of the 2D materials, as such organic layers are mainly stabilized through non-covalent interactions. 17 Previous studies have revealed that the deposition of suitable molecules can be used to modify the energy levels and the charge density of graphene [18] [19] [20] [21] and semiconducting transition metal dichalcogenides (TMDs) 14, 15 through charge transfer (CT). The situation is more complicated when the heterostructure comprises more than two stacked layers. For example, when graphene is covered with a strong molecular acceptor, it can be p-doped or n-doped depending on the underlying substrate. 18 Electrostatic interactions (e.g., screening and dipole fields) in multi-layer systems can significantly impact the interfacial properties. [22] [23] [24] The use of organics also leverages the well-developed organic semiconductor technologies for flexible electronic devices. 2, 25, 26 Although much work has been done to understand the electronic properties in vertical [27] [28] [29] and lateral [30] [31] [32] 2D-TMD heterojunctions, there is still a lack of studies of the heterojunctions at the atomic scale. 33 In particular, the lateral doping of a single layer with a formation of a 1D
interface between doped and intrinsic regions is not understood. An ultimate goal is to fabricate lateral heterojunctions with atomically sharp 1D interfaces to facilitate carrier or energy transport for superior device performance, for example, by selective deposition of a dopant material onto well-defined regions of a TMD layer. 5 In this study, we explain how a molecular acceptor layer on top of a single-layer (SL) tungsten diselenide (WSe 2 ) acts as p-type dopant, and reveal the electronic structure at a prototypical 1D
interface (a line) between intrinsic and p-doped WSe 2 ( Figure 1a ). Using a combination of lowtemperature scanning tunneling microscopy/spectroscopy (STM/STS) and photoemission spectroscopy (PES) in conjunction with theoretical modeling we explore the molecule/2D
semiconductor hybrid on graphite as substrate. Figure 1a ). Using spatially resolved STS, the Thomas-Fermi (TF) screening length (or Debye length) at such a 1D interface is determined to be in the nm range.
This knowledge is important when considering the use of lateral p-n junctions of 2D semiconductors in future electronic devices.
Results
Figure 1b shows a typical large-scale STM image of the CVD-grown SL-WSe 2 on graphite (Methods section). 35 As revealed by the atomically resolved image in Fig. 1c , the WSe 2 surface away from the edge is clean, smooth and uniform. The WSe 2 unit cell is highlighted by a black rhombus with a lattice constant of 3.4 ± 0.1 Å; a typical moiré superstructure arising from the lattice mismatch between graphite and WSe 2 is highlighted by a blue rhombus. A proposed structural model of the moiré cell is given in the inset in Fig. 1c , corresponding to a (3×3) supercell of WSe 2 with a (4×4) supercell of graphite. The bright half supercell is assigned to Se atoms lying on top of the underlying C atoms; while the dim half is attributed to the Se atoms located at the hollow sites of the graphite substrates. From the dI/dV curve (inset in Fig. 1b) , the electronic bandgap of the SL-WSe 2 is deduced to be 1.95 ± 0.05 eV, consistent with previously reported values. 24, 36 C 60 F 48 molecules were subsequently deposited onto the clean SL-WSe 2 /graphite surface. As shown in Fig. 1d , the molecules aggregate to form close-packed ordered islands with 0.5 ML coverage. The C 60 F 48 unit cell is highlighted by the black rhombus in the bottom left inset in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 1d, with a lattice constant of 1.22 ± 0.04 nm. A similar close-packed C 60 F 48 phase is also observed for the C 60 F 48 assembly on bare graphite surface. 37 To obtain insight into the electronic properties at the C 60 F 48 The data in Fig. 2 accumulate at the lower half of the molecule. In turn, all substrates are positively charged.
However, the sandwiched WSe 2 single-layer in Fig. 2c remains essentially charge-neutral but becomes polarized, as the top Se layer facing the molecule is hole-accumulated, while the bottom facing graphite is electron-accumulated.
To provide a more quantitative picture, the plane-integrated DCD, ∆ρ(z) (red), and the cumulative CT, ∆Q(z) (blue) are plotted in Fig. 3b , 3d and 3f; the latter describes how much charge has been transferred from the bottom to the top at position z. The total amount of CT (∆Q total ) from graphite to C 60 F 48 reaches -0.40 e per molecule in Fig. 3b , and reduces slightly to -0.38 e with the SL-WSe 2 interlayer in Fig. 3d . Two pronounced peaks can be observed in Fig. 3d :
the top one at -0.38 e represents the CT from WSe 2 /graphite to C 60 F 48 , and the lower one at -0.25 e is that from graphite to C 60 F 48 /WSe 2 . The difference of these two peaks, -0.13 e, is then the contribution from the WSe 2 interlayer, which is only half of that from the graphite substrate.
Consequently, the graphite contributes about two thirds of the charge to the molecular acceptor while the SL-WSe 2 contributes only one third, contradicting the straightforward presumption of dominant TMD-molecule CT. When the graphite substrate is removed, the CT from the WSe 2 to C 60 F 48 is only -0.29 e as seen in Fig. 3f . The underlying graphite substrate thus plays an important role in defining the electronic structure of the heterojunction, as speculated above.
Further calculations suggest that the C 60 F 48 /WSe 2 /graphite heterojunction has a CT-induced interfacial dipole moment of 2.65 eÅ, which is much larger than that of C 60 F 48 /graphite without the WSe 2 interlayer (1.70 eÅ) and that of for C 60 F 48 /WSe 2 without the graphite substrate (1.31 eÅ) (SI). The dipole field induced by the CT at the heterojunction can significantly impact the electronic properties (e.g., energy level alignment) and is linked with the CT. In fact, the bandgap decrease of the WSe 2 interlayer observed by STS spectra (Fig. 2c) is induced by the vertical electric field, known as Stark effect. 38, 39 To substantiate the conclusions from STM/STS and theoretical modeling, and to highlight the effect of coexisting differently intrinsic/doped WSe 2 patches in area-averaging experimental techniques, we performed PES measurements to determine changes of WF ( Fig. 4a ) as well as valence band ( Fig. 4b and 4c ) and core level spectra (Fig. 4d) as a function of C 60 F 48 coverage.
The spectra of the clean graphite substrate are shown as black dotted lines for comparison. The WF of graphite (4.5 eV) increases by less than 0.1 eV when covered with SL-WSe 2 (0 Å), monolayer indicates the formation of an interfacial dipole induced by the CT across the heterostructure, consistent with theoretical modeling.
In Fig. 4b , the SL-WSe 2 shows two distinct features in the valence region at 1.5 eV and 3.9 eV binding energy (BE). The VB edge of the pristine SL-WSe 2 , namely the lower binding energy onset of the first peak, is at 1.17 eV, slightly larger than the value of the VBM determined by STS (0.84 eV). The most probable reason for the difference is that the VBM of SL-WSe 2 is located at the K point as determined by ARPES, 40 however, our VB spectra measured at normal emission are corresponding to electronic states around the Γ point. The VB edge around the Γ point is energetically deeper than that at the K point. Therefore, it is reasonable that the VB edge measured by PES, corresponding to the region surrounding the Γ point, is further away from the Fermi level than the VBM determined by STS.
The intensities of the two distinct peaks reduce with increasing C 60 F 48 coverage. Broadening and BE shifts can be better seen in the zoom-in spectra in Fig. 4c to the maximum, instead of a gradual shift with the increasing coverage. The 0.7 eV shift of the valence levels towards the Fermi level is identical to the BE shift observed in the core levels, e.g., 8 W 4f in Fig. 4d and Se 4d in SI, i.e., all electronic levels shift in parallel due to electrostatic reasons (the CT-induced dipole field). This value is consistent with that of 0.62 eV (∆U VBM )
obtained from STS spectra in Fig. 2 .
The STM/STS and PES experiments clearly demonstrate that the intrinsic and p-doped WSe 2 patches coexist next to each other, and the border between them forms a 1D (line) intrinsic/pdoped interface in the semiconducting WSe 2 interlayer. The gradual band bending over several nm observed from the spatially resolved STS spectra (Fig. 2d) 
Conclusion
The electronic properties of a prototypical molecule/TMD heterostructure on a graphite substrate were elucidated by STM/STS and PES measurements combined with first-principles calculations.
The semiconducting SL-WSe 2 can be efficiently p-doped by an adsorbed C 60 F 48 layer, and a lateral intrinsic/p-doped heterojunction is thereby realized in SL-WSe 2 . C 60 F 48 acts as an electron acceptor, however, the negative charge originates mainly from the graphite substrate. In fact, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 heterojunctions (lateral and vertical) have fascinating prospective applications in future flexible and wearable devices.
Methods

Sample preparations for STM and PES measurements
The monolayer WSe 2 samples were synthesized by chemical vapor deposition (CVD) method using WO 3 powders as precursor. More details about the CVD growth can be found in previous reports. 35 The sample used for STM measurements was directly grown on a graphite substrate to avoid contaminations introduced by chemical transfer. C 60 F 48 (Nano-C, 99.6%) molecules were deposited from a Knudsen effusion cell with a typical deposition rate of ~0.04 ML/min. Here, one monolayer (ML) refers to one full monolayer C 60 F 48 in close-packed configuration. The deposition rate of C 60 F 48 was monitored by a quartz-crystal microbalance (QCM) during evaporation, and the overall coverages were further calibrated by taking statistic over large-scale STM images or monitoring the attenuation in intensity of the C 1s peak during PES measurements. During the deposition, the substrates were held at room temperature and the samples were subsequently transferred in-situ to the attached STM chamber or PES analysis chamber for analysis.
Characterization
LT-STM studies were performed in an Omicron high-resolution STM interfaced to a Nanonis controller at the National University of Singapore. 6, 24, 36 All STM/STS measurements were recorded at 77K. An electrochemically etched tungsten tips were used and bias voltages were applied to the STM tip. Tip bias voltage was used in the paper for the convenience to compare 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 with PES spectra. STM images were recorded by using constant current mode with a tunnelling current I Tip of about 0.05 nA. For dI/dV spectra, the tunnelling current was obtained by a lock-in amplifier, with a modulation of 625 Hz and 40 mV.
All the PES measurements in this study were conducted at Humboldt Universität zu Berlin. For UPS, a Scienta He discharge lamp (hν = 21.21 eV) was used. XPS was conducted using a Scienta DAR 400 x-ray source. The Mg K α line (1253.69 eV) was used for excitation. The emitted electrons were detected with a Specs Phoibos 100 hemispherical energy analyzer in fixed analyzer transmission mode and with an acceptance angle of ±7°. The sample was biased at -10V when measuring the secondary electron cut-off (SECO) to overcome the work function of the analyzer. A clean gold crystal was used to calibrate the work function of the detector and to determine the energy resolution (150 meV) of the system. The reproducibility of all energy values in this study was within 0.1 eV.
Computation
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Device
